Differences in the volumes of artifacts caused by variously shaped titanium objects on magnetic resonance imaging (MRI) were evaluated. Spherical-, square cubic-, and regular tetrahedron-shaped isotropic, and elongated spherical-, elongated cubic-, and elongated tetrahedron-shaped anisotropic objects, with identical volumes, were prepared. Samples were placed on a nickel-doped agarose gel phantom and covered with nickel-nitrate hexahydrate solution. Three-Tesla MR images were obtained using turbo spin echo and gradient echo sequences. Areas with ±30% of the signal intensity of the standard background value were considered artifacts. Sample volumes were deducted from these volumes to calculate the total artifact volumes. Isotropic samples had similar artifact volumes. For anisotropic samples, the artifact volume increased in proportion with the normalized projection area. MRI artifact size can be reduced by high anisotropic designs, and by positioning the long axis of the metal device as parallel as possible to the magnetic field axis.
INTRODUCTION
Magnetic resonance imaging (MRI) is an important diagnostic imaging tool, because it can effectively characterize soft tissue and obtain detailed functional information without the need for exposure to radiation. It has therefore been applied to examine the neurological, musculoskeletal, oncological, and cardiovascular systems of the human body. The clinical application of high-field strength MRI is also increasing 1) . Because of these advantages, the use of MRI has increased in recent years and approximately 60 million scans are performed annually, worldwide 1) . However, MRI diagnoses are often hampered by artifacts caused by differences in the susceptibility of the metal implants and surrounding tissues [2] [3] [4] [5] [6] [7] . In particular, most devices used for orthodontic treatments are made of metal, including brackets, wires, and bands, which can often cause the disappearance or distortion of features in magnetic resonance (MR) images 5) . Alternatively, the use of ceramic and polymers decreases MRI artifact volumes. However, over 70% of implant devices such as artificial joints, bone fixators, spinal fixators, stents, and dental implants in medicine and dentistry are still made from metals because of their high strength and durability 8) . In previous studies of artifacts, stainless steel implants were most often used, because of this material's marked artifact-causing properties 2) . Titanium (Ti) and Ti alloys have been used for medical and dental implants, as well as orthodontic devices, because they display higher resistance to corrosion and specific strength, in addition to creating less distortion during imaging than stainless steel 2, [9] [10] [11] . Furthermore, Ti and Ti alloys have the highest tissue compatibility among metals. We therefore focused on Ti because of its extensive clinical use.
To date, various approaches to overcoming susceptibility to generation of artifacts on MRI have been reported. Most methods involve hardware-related techniques. Imaging factors, such as short echo times, lower field strengths, higher readout bandwidths, and smaller voxel sizes, can all be modified to decrease artifacts caused by metallic devices 12, 13) . However, MRI artifacts vary depending on the size, axis, magnetic susceptibility, and shape of the metal object 1) . Although many previous studies have investigated the influence of different metallic materials on MRI artifacts, the influence of implant shape is poorly understood and research analyzing artifact volume with threedimensional quantification is rare.
The purpose of the present study was to investigate MRI artifacts caused by metals of various shapes. Hence, to clarify the influence of the shape, we used samples with simpler shapes than of clinical devices and we evaluated differences in artifact volume and shape using spherical (S)-, square cubic (C)-, and regular tetrahedron (or pyramid; T)-shaped Ti implants of identical volume. Given the widespread use of MRI and metallic devices in medical and dental practice, it is important to understand Three-dimensional quantification of magnetic resonance imaging artifacts associated with shape factors the effect of artifacts caused by this material.
MATERIALS AND METHODS

Implant preparation
Three solid, Grade 2 Ti implants of equal volume (523.6 mm 3 ) were prepared in three different shapes: spherical (S), square cubic (C), and regular tetrahedron (or pyramid; T) (Fig. 1) . The nominal composition of Ti employed in this study is summarized in Table 1 . A Ti cylinder was cut into a sphere of 10-mm diameter by Yoshida Seisakusho © (Tokyo, Japan, Fig. 1A ). Likewise, a cube and regular tetrahedron were cut with faces measuring 8.06 mm and 16.4 mm in width, respectively (Fig. 1B, C) . We then prepared an additional three implants, designated as elongated S (ES), elongated C (EC), and elongated T (ET), to compare the effect of geometric anisotropy (Fig. 1D-F) . These anisotropic shapes were defined such that each isotropic shape sample described above was deformed to elongate along one axis by keeping the same volume until the base dimension becomes half.
Magnetic susceptibility
Magnetic susceptibility was measured for a cylindrical Ti bar of 3.0-mm diameter using a magnetic susceptibility balance (MSB-MKI, Sherwood Scientific, Cambridge, UK), operated at room temperature. Magnetic susceptibility was measured six times by inverting the bar to calculate the average susceptibility of the implant.
Preparation of nickel (Ni)-doped agarose gel phantom
A Ni-doped agarose gel phantom, formulated to simulate the T1 and T2 characteristics of gray matter, was prepared as described previously 14) . Briefly, a 2.0% agar and Ni-nitrate hexahydrate solution (1.0×10 −2 mol/L) was diluted with 1 L of boiling distilled water. The mixture was stirred until homogeneous and poured into a polypropylene container (168×130×163 mm) to a height of 70 mm, gently vibrated to remove air bubbles and incubated in a humid chamber (Humidic Chamber IG400, Yamato Scientific, Tokyo, Japan) at 90ºC and 80% relative humidity for 3 h. The agarose was allowed to solidify at room temperature before positioning implants in the phantom.
MRI
Ti specimens were placed individually in the center of the prepared phantom. A Ni-nitrate hexahydrate solution (1.0×10 −2 mol/L) of the same molar concentration as the phantom was poured over the implants to a height of 140 mm and each sample was then subjected to MRI ( Fig.  2A) . MR images were obtained using a 3.0-Tesla MR scanner (MAGNETOM Spectra © , Siemens Healthcare, Tokyo, Japan). MR images were obtained using turbo spin-echo (TSE) and gradient echo (GRE) sequences. Sequence-specific parameters are shown in Table 2 . MR images were obtained for anisotropic samples from multiple angles (with the long axis at 0º, 45º, and 90º with respect to the magnetic field, Fig. 3 ). Areas with ±30% of the signal intensity of the standard background value were defined as artifacts. C, Artifact areas of TSE and GRE magnetic resonance images of a sphere (48th slice of 96 slices). Areas with less than 70% (green) and more than 130% (red) of the signal intensity of the standard background value were defined as artifacts. B 0, static magnetic field. Image analysis MR images were analyzed using image analysis software (OsiriX, Pixmeo, Bernex, Switzerland). Artifacts were evaluated based on previously described methods 14, 15) . In each image, four tangential lines were visually positioned around the artifact, parallel and perpendicular to the major axes of the sample. Circular regions of interest (ROIs) with 5-mm diameters were positioned at the four points of intersection between the tangential lines (Fig. 2B) . The standard background value was defined as the mean signal intensities for the four ROIs. Areas with a signal intensity equal to ±30% of the standard background value were defined as artifacts (i.e., V 70 and V130, respectively). Ninety-six slices were combined and assumed to indicate the volume of the artifact area. Finally, the volume of each sample (i.e., V 0=523.6 mm 3 ) was deducted from this volume, and the total artifact volume (V) was calculated using the following formula:
V=V 130+V70−V0 In addition, 3D rendered surface models based on MR images of the isotropic and anisotropic samples were constructed from OsiriX and colored green with the default settings (pixel value 300); these areas were clearly different from the artifact areas that we calculated above.
Statistical analysis
A two-way ANOVA without replication was used to compare artifact volume between the TSE and GRE images of isotropic samples, and regression analysis was used to generate regression lines, using Microsoft Excel for Mac (Microsoft, Redmond, WA, USA). 
RESULTS
Magnetic susceptibility
The Ti cylindrical bar implant had a positive average magnetic susceptibility (χ) of Χv=155×10 −6 (SI).
Volume of artifacts caused by isotropic implants
The MR images and 3D rendered surface models based on MR images of the isotropic samples obtained using different MR sequences are shown in Figs. 4 and 5 , respectively. Table 3 shows the calculated artifact volumes of the TSE and GRE images for the three isotropic implants. There were no statistically significant differences between the TSE and GRE images for any of the three isotropic samples (p=0.31). However, the TSE image artifact volumes for the S-, C-, and T-shaped objects were significantly smaller than those of their corresponding GRE images (p=0.00058).
Volume of artifacts caused by anisotropic samples
The MR images and 3D rendered surface models based on MR images of the anisotropic samples are shown in Figs. 6 and 7, respectively. Table 4 shows the calculated volume of the artifacts of TSE- (Table 4A ) and GRErendered (Table 4B ) MR images of anisotropic samples.
For images obtained using the TSE sequence and with magnetic fields parallel to the long axis of the sample (Figs. 6A, 7A ), the shape of the artifacts of ES0 (MR images of the ES sample placed with the long axis at 0º to the magnetic field) and EC0 (MR images of the EC sample placed with its long axis at 0º to the magnetic field) consisted of four ovals and a line, whereas ET0 (MR images of the ET sample placed with its long axis at 0º to the magnetic field) artifacts consisted of two ovals and a line. These artifact shapes differed from those of the isotropic S-, C-, and T-shaped implants (Figs. 4, 5) . Conversely, the GRE sequence resulted in ES0 and EC0 artifacts that consisted of two ovals and a line, and ET0 artifacts consisted of an oval and a line (Figs. 6B, 7B) . The artifact volume increased as the angle between the sample and B 0 increased. When the angle between the long axis of the sample and the direction of the magnetic field was increased to 45° and 90°, the artifact's axis changed direction to follow the long axis of the samples and its shape coalesced into a single mass. The artifact volumes of anisotropic implants, according to the angle between the long axis of the sample and the main magnetic field, are presented in Fig. 8 .
To establish the relationship between the artifact volume and the angle to B 0, the projected area (mm 2 ) of each sample to the plane perpendicular to B0 and the artifact volume of each sample were plotted (Fig. 9 ). with samples placed with their long axes at 0°, 45°, and 90° to the main magnetic field. A, TSE images; B, GRE images (48th slice of 96 slices). ES0, ES45, ES90, MR images of an elongated sphere sample placed with the long axis at 0º, 45º, and 90º to the main magnetic field, respectively; EC0, EC45, EC90, MR images of a cuboid sample placed with its long axis at 0º, 45º, and 90º to the main magnetic field, respectively; ET0, ET45, ET90, MR images of the elongated triangular regular tetrahedron sample placed with its long axis at 0º, 45º, and 90º to the main magnetic field, respectively. A, TSE images; B, GRE images (image of the coronal plane). ES0, ES45, ES90, MR images of an elongated sphere sample placed with the long axis at 0º, 45º, and 90º to the main magnetic field, respectively; EC0, EC45, EC90, MR images of a cuboid sample placed with its long axis at 0º, 45º, and 90º to the main magnetic field, respectively; ET0, ET45, ET90, MR images of the elongated triangular regular tetrahedron sample placed with its long axis at 0º, 45º, and 90º to the main magnetic field, respectively.
Figures 9A and B show the relationship between artifact volume and the projected area of the samples, including S, C, and T, in TSE and GRE images, respectively. For a given projected area, the artifact volume of GRE images was always greater than that of TSE images.
To simplify these data, the projection area for each shape sample and its orientation was normalized to the projection area of ES, EC, and ET at 90º (Figs. 9C, D) . Figures 9C and D show the relationship between artifact volume and normalized projection areas excluding S, C, and T obtained with TSE and GRE, respectively. The average artifact volume of isotropic samples (dotted horizontal lines) intersects the regression lines for both TSE and GRE images, which suggests that there is an angle at which the artifact volume of anisotropic samples and isotropic samples are equal. Notably, this angle is lower for GRE images (normalized projected area: 0.6-0.8), than for TSE images (normalized projection area: 0.8-1.0).
DISCUSSION
Magnetic susceptibility of Ti
Artifacts are created by differences between the magnetic susceptibility of implant materials and the surrounding tissues 2, 16, 17) . According to a previous study, materials with less than 200×10 −6 (SI) produce obvious MRI artifacts 18) . The magnetic susceptibility for Ti differs between studies but has been reported previously as 182×10 −6 (SI) 18) and 153.3×10 −6 (SI) 14) . The magnetic susceptibility of 155×10 −6 (SI) found for the Ti implant used in the present study is therefore consistent with the previous findings and suggests that it is an appropriate model for evaluating of Ti artifacts.
Effect of implant orientation on MRI artifacts
Various shapes and orientations of Ti implants were examined to evaluate the effect of implant shape on artifact volume. It has previously been reported that placement of a Ti screw parallel to B 0 helps to reduce the size of the artifact 1, 16, [19] [20] [21] [22] and that the artifact size or length increases proportionally with increases in the angle between the object's long axis and B 0 16) .
However, most previous studies only utilized visual assessments of artifact size or only investigated the effect of implant length. We therefore evaluated artifact volume to provide a more comprehensive analysis of artifacts resulting from Ti implants in images acquired at a range of angles.
From MR images of the anisotropic ES, EC, and ET implants, we found that the volume of the artifact increased as the angle between the sample and B 0 increased (Fig. 8) . Our findings also suggest that the volume of artifacts increased with the projected areas in a linear fashion and that the artifact volume of GRE images was always greater than that of TSE images for a given projected area. Hence, we have shown quantitatively that the orientation of the metal object affects artifact volume, a finding that is consistent with the observations reported in previous studies 1, 16, [19] [20] [21] [22] . Furthermore, these regression models can be used to predict the artifact volume in response to projected are for Ti implants and could help to minimize the MRI artifacts if the normalized projection area of the metal object can be calculated.
Based on these findings, the most likely reason for the similarity in artifact volume among the different isotropic samples was their nearly identical normalized projection area. Objects with the same magnetic susceptibility have previously demonstrated differential field perturbations, depending on both their shape and orientations with respect to B 0 16,22) . In the present study, we verified this correlation quantitatively.
This apparent correlation between artifact volume and projection area may be explained by the interaction between paramagnetic materials, such as Ti, and the magnetic field of MRI. When a paramagnetic substance is exposed to a static magnetic field, many magnetic dipoles are induced 1, 18) . When aligned in series in a static magnetic field, these dipoles' adjacent north and south poles cancel each other out. When the angle between the long axis of the metal object and the main magnetic field changes, the projection area of the metal object, which is perpendicular to B 0, also changes. When the long axis of the sample is oriented in the direction of the static magnetic field, the percentage of magnetic dipoles aligned in series increases, and the magnitude of the overall north and south magnetic poles is reduced. Therefore, as the major axis of the sample is oriented in the direction of the static magnetic field, the magnetic field distortion around the sample is reduced. Conversely, the artifact volume increases as the angle between the long axis of the metal object and the main magnetic field is increased.
Based on our findings, placing patients such that the long axis of metallic implants is as parallel to the main magnetic field as possible will minimize the size of artifacts. Moreover, a better understanding of the effect of shape on MRI artifacts using three-dimensional quantification could contribute to the design of future metallic devices. Taking anisotropy or the normalized projection area into consideration is also an important consideration for reducing the artifact volume.
Limitations of the study Despite our significant findings, this study had some limitations. First, the MR images were obtained considering a head and neck scan position. Therefore, the whole artifact was located within the head rest region, and our investigation was restricted to Ti implants with a limited range of shapes, sizes, and thicknesses. The shapes of metallic devices used in dental applications, such as orthodontic brackets, bands, wires, and other appliances, are more complicated than the model implants used in our study. This study used only one metal for each MR scan. However; clinics can have patients with several metallic devices in their bodies or oral cavities, such as artificial joints, dental implants, or orthodontic miniscrews. Hence, further investigation of artifacts resulting from a wider range of materials and shapes, and the inclusion of more than one metal, will provide a more accurate depiction of how implant anisotropy influences MRI analyses in patients.
CONCLUSION
The volume of the artifact changed when the projected area was varied, depending on the shape and angle of the metal. In order to reduce MRI artifacts, Ti implant designs with high anisotropy should be considered. Importantly, MRI artifact size can be reduced if the long axis of the metal device is positioned as parallel as possible to the direction of the magnetic field.
